ABSTRACT We examined the fluorescence spectral properties of the DNA stains DAPI (4',6-diamidino-2-phenylindole, hydrochloride) and Hoechst 33342 (bis-benzimide, or 2,5'-bi-1 H-benzimidazole2'-(4-ethoxyphenyl)-5-(4-methyl-1 -piperazinyl)) with two-photon (2hv) and three-photon (3hv) excitation using femtosecond pulses from a Ti:sapphire laser from 830 to 885 nm. The mode of excitation of DAPI bound to DNA changed from two-photon at 830 nm to three-photon at 885 nm. In contrast, Hoechst 33342 displayed only two-photon excitation from 830 to 885 nm. DAPI-DNA displayed the same emission spectra and decay times for 2hv and 3hv excitation. Hoechst 33342-DNA displayed the same intensity decay for excitation at 830 and 885 nm. Both probes displayed higher anisotropies for multiphoton excitation as compared to one-photon excitation with ultraviolet wavelengths, and DAPI-DNA displays a higher anisotropy for 3hv at 885 nm than for 2hv at 830 nm. We used 970-nm excitation of DAPI-stained chromosomes to obtain the first three-dimensional images with three-photon excitation. Three-photon excitation of DAPI-stained chromosomes at 970 nm was demonstrated by the power dependence in the fluorescence microscope.
INTRODUCTION
The increasing availability of intense laser sources with picosecond and femtosecond pulse widths has resulted in the increased use of two-photon excitation for time-resolved fluorescence and for fluorescence imaging microscopy. Two-photon excitation has been applied to a number of fluorophores, including proteins (Sammeth et al., 1990 ; Rehms and Callis, 1993; Lakowicz et al., 1992a Lakowicz et al., , 1994a , DPH-labeled membranes (Lakowicz et al., 1992b) , and stained DNA (Gryczynski and Lakowicz, 1994; Gryczynski, 1992) . Two-photon excitation seems to be especially useful in microscopic imaging, where the localized excited volume provides the equivalent of confocal imaging (Denk et al., 1990;  Webb, 1990; Hell et al., 1994; Stelzer et al., 1994) . Two-photon excitation has also been used to provide localized release of caged neurotransmitters and for studies of neuronal tissues (Denk, 1994; Denk et al., 1994) . These biophysical uses of two-photon (2hv) excitation represent an extension of the pioneering uses of two-photon spectroscopy to study the excited-state symmetry of organic compounds (Wirth et al., 1981; Friedrich and McClain, 1980) .
MATERIALS AND METHODS
where DAPI and Hoechst 33342-labeled DNA Calf thymus DNA was obtained from Sigma; DAPI and Hoechst 33342 were from Molecular Probes and were used without further purification. Samples were prepared in 10 mM Tris (pH 8). To minimize aggregation and increase solubility, the DNA was sonicated for 10 min in a sonicator bath and then centrifuged for 30 min at 10,000 rpm to sediment the particles.
The DNA concentration in base pairs was calculated using E = 13,500 M-' cm-' at 259 nm. The concentration of DAPI and Hoechst 33342 were determined using E = 33,000 M-' cm-' at 345 nm and E = 42,000 m-1 cm-I at 348 nm for the free forms of the probes, respectively. For studies with 2hv and 3hv of labeled DNA, the concentration in base pairs was 2.5 mM, and the extent of labeling was two probe molecules per 100 DNA base pairs.
Fluorescence spectroscopy
Multiphoton excitation was accomplished with the fundamental output of a Tsunami Ti:sapphire laser from Spectra Physics. The repetition rate of 80 MHz was held fixed by the Loc-to-Clock accessory. The repetition rate was divided by 8 by the Loc-to-Clock electronics and used as the 10-MHz reference signal for the frequency-domain (FD) instrument. The pulsewidth was near 80 fs. Its output (800-900 nm) was brought directly to the sample compartment and focused with a laser-quality lens (2 cm focal length). The emission was isolated with filters for intensity measurements and anisotropy decay. Intensity and intensity decay measurements were performed using magic angle conditions.
For emission spectra we used an SLM 8000 spectrofluorometer with a 10-nm bandpass. Solutions were in equilibrium with air. The signals from the DNA alone were less than 0.5% of that observed in the presence of DAPI or Hoechst 33342. For measurements of the dependence of the emission on laser intensity, the peak power was attenuated with neutral density filters. To avoid different widening the laser pulses by the neutral density filers, the same number of filters of the same design and thickness, but varying optical density, were used for the intensity measurements at various peak powers. All measurements were performed at room temperature near 20°C.
Frequency-domain intensity and anisotropy decays with multiphoton excitation were obtained on instrumentation described previously (Lakowicz and Gryczynski, 1991; Laczko et al., 1990 The hydrodynamics of DNA are complex, and interpretation of the anisotropy decay of labeled DNA requires the use of appropriate models (Schurr et al., 1992; Millar et al., 1982; Barkley and Zimm, 1979) . However, the objective of the present report is not to advance on these elegant reports (Schurr et al., 1992; Millar et al., 1982; Barkley and Zimm, 1979) , but rather to use the anisotropy decays to detect the effects of intense illumination on the solution conformation of DNA. Consequently, the frequency-domain anisotropy decays were analyzed in terms of the multicorrelation time model:
where Oj is the rotational correlation time displaying an amplitude rj in the anisotropy decay. The subscript k indicates the mode of excitation (lhv, 2hv, or 3hv) . In the absence of optical effects on DNA dynamics, we expect the correlation time (0j) to be independent of the mode of excitation.
However, based on previous studies of DAPI (LakowiczandGryczynski, 1992) and Hoechst 33342 (Gryczynski and Lakowicz, 1994) with 1 hv and 2hv excitation, the amplitudes (rjk) are expected to depend on the nature of the excitation process. The values of rjk and Oj are recovered by leastsquares analysis of the differential polarized phase angles and modulated anisotropies , using an expression similar to Eq. 4. For the global analysis the same correlation times were used for each excitation wavelength (k), and the rjk values we redistinct for each wavelength. The sum in Eq. 6 extends over the excitation wavelengths, where it is understood that phase and modulation data are available for two excitation wavelengths. The time 0 anisotropy is given by the sum of the amplitudes, rOk = zjrjk.
Fluorescence anisotropy with multiphoton excitation
The time 0 anisotropy is a measure of the displacement of the emission transition moment from the direction of the polarized excitation. The theory for the expected rOk values for two-photon excitation is complex (Callis, 1993; Chen and Van Der Meer, 1993; Wan and Johnson, 1994a,b) (3) r03(13) = 23( CoS2 9-3 ), (9) for lhv, 2hv, and 3hv excitation, respectively. The factors 2/5, 4/7, and 2/3 originate with COS2 0, cos4 0, and cos6 0 photoselection, where 0 is the angle between the excitation polarization and the transition moment of the molecule. The angle P3k is the angular displacement between the absorption and emission transition, and need not be identical for each mode of excitation (k). More specifically, if the effective O's for one-, two-, and three-photon excitation are identical, then the time 0 anisotropies will be related by Eqs. 7-9. However, fluorophores can display more complex behavior, as has already been observed for tryptophan derivatives and proteins (Lakowicz et al., 1992a; Callis, 1993) .
For one-, two-, and three-photon excitation the maximum anisotropies for 3k = 00 are 0.40,0.571, and 0.667, respectively. Observation of a larger anisotropy for three-versus two-photon excitation provides strong evidence for three-photon excitation. We note that the above description is somewhat simplified, and that multiphoton transitions are more correctly described as tensors (Callis, 1993; Chen and Van Der Meer, 1993; Wan and Johnson, 1994a,b) . For the present data the simple theory described in Eqs. 7-9 is adequate for interpretation of the results.
DAPI staining of human metaphase chromosomes isolated from HeLa cells Cells in metaphase were collected by shaking from cultured HeLa cells after incubation (12-48 h) in colchicine according to conventional cytogenetical methods. Briefly, chromosomes were isolated after (15 min) hypotony in 75 mM KCl, collected by centrifugation, and washed (2X) with (60%) acetic acid and kept in (60%) acetic acid (at -20°C) until use. A small amount (3-5 ,ul of a loose pellet) of metaphase chromosomes was applied (1-2 min) on a coverglass, washed (1-2X) with (60%) acetic acid and (3-4X) HM (40 mM HEPES, pH 7.4, 5 mM MgCl2) buffer solution, stained (30 min) with DAPI (0.5 = ,jg/ml) in HM, washed with HM and mounted, under another coverglass, in buffered glycerol solution (90% glycerol (Merck, fluorescence free) 40 mM HEPES (Sigma), pH 7.4, and 5 mM MgCI2, with 10-20 mM 2-mercaptoethanol included as an antifading substance). Preparations were kept at -20°C until use.
Chromosomal imaging
The experiments were carried out with a stage scanning fluorescence microscope capable of scanning the sample with a precision of 10 nm in three dimensions (Hell et al., 1995) (Melles Griot, Cambridge, England) . The illumination light was focused into the specimen by a high-numericalaperture lens (Leitz Planapo, IOOX, 1.4, oil). The fluorescence light was collected by the same lens and directed toward a pinhole. The opening of the pinhole was about 5 times larger than the back-projected Airy disk, so that the microscope was not confocalized and the potential axial discrimination was minimized. The role of the pinhole rather was the rejection of ambient light. The light passing through the pinhole was focused onto the sensitive area of an avalanche photodiode (EG&G SPCM-AQ-131) operating in the photon counting mode. The fluorescence light was separated from the illumination light by a suitable dichroic bandpass transmitting between 410-500 nm and a 2-mm-thick stack of blue-colored glass BG39 (Schott, Inc.). We used the light of a mode-locked Ti:sapphire laser (Coherent, Mira 900 F) providing a train of about subpicosecond pulses with a duration of about 140 fs in the focal region of the lens (Hanninen and Hell, 1994) .
The original confocal raw data volumes of the DAPI-stained metaphase chromosomes were converted to bytes, inverted, y and z flipped, and z-direction interpolated (2X), when it was considered necessary to get isometric pixel sizes in all directions.
High-quality animations of the confocal volumes (around the x or y axis) in jpeg format, with (or without) additional interpolation (3X) in all (x, y, z) directions, including light settings, were produced with the volumerender program FUNCS, with options for a blending, on a Silicon Graphics computer. The jpeg-formatted animations were visualized in stereo (liquid stereo-glasses for a Silicon Graphics computer) with the program JPE-GANIM. The animations were further converted to pict format for monoor stereo-inspection as red-green (blue) composite pictures to be visualized with the program National Institutes of Health-image in Macintosh computers.
RESULTS
Emission spectra and mode of excitation of DAPI or Hoechst 33342-labeled DNA Emission spectra are shown in Fig. 1 for DAPI-DNA for excitation at 360, 830, and 885 nm. The emission spectra are essentially equivalent, irrespective of the excitation wavelength. We examined the nature of the long-wavelength excitation by attenuating the peak laser power using neutral density filters. A twofold attenuation of the incident light for 360-nm excitation results in a twofold attenuation of the emission (Fig. 1 ). For 830-nm excitation a twofold attenuation results in a fourfold decrease in the DAPI emission. At 885-nm excitation a twofold decrease in the incident intensity results in an eightfold decrease in the signal from DAPI. This dependence on the square and cube of the laser power suggests that the emission is due to two-and three-photon excitation, at 830 and 885 nm, respectively.
We were surprised by the observation of DAPI emission at these long excitation wavelengths and examined the dependence on laser power in more detail. Two-photon excitation of DAPI at 885 nm seemed unlikely because the one-photon absorption spectra do not display significant absorbance above 420 nm (Fig. 4, below) , and thus one does not expect two-photon excitation at 885 nm. To determine the nature of the long-wavelength excitation we examined the dependence of the emission intensity on the incident laser power (Fig. 2) . These data show that the observed intensity of DAPI-DNA is proportional to the cube of the laser power at 885 nm, and to the square of the laser power at 830 nm. We also examined the emission spectra of HOE-DNA for 830 and 885 nm excitation. The emission spectra were essentially equivalent for excitation in the UV (360 nm) or for long wavelength excitation (not shown). However, we were surprised to observe that the mode of HOE-DNA excitation remained a two-photon process, even at 885 nm (Fig. 3) . This observation illustrated the importance of detailed spectroscopic studies of a fluorophore before its use in multiphoton microscopy. Based on the absorption spectra of these samples (Fig. 4) , it is not obvious to us that at 885 nm DAPI and Hoechst 33342 would display 3hv and 2hv excitation, respectively, particularly because DAPI displays a longer wavelength one-photon absorbance.
In more recent studies (Gryczynski et al., 1996b) we examined the effect of wavelength on the mode of excitation in more detail. We found that Hoechst 33342-DNA displays a mixture of 2hv and 3hv up to 910 nm (Gryczynski et al., 1996b) . A preliminary report has suggested that Hoechst 33342 displays 3hv at 1047 nm (Wokosin et al., 1996) , but the conclusion is stated to be speculative. bleaching is not expected to result in changes in decay time, because the fluorophores are no longer fluorescent. However, we have noticed that other fluorophores, in particular a calcium probe (Lakowicz et al., 1994b) , display lifetime changes with intense illumination, which we interpret as phototransformation of the probes. Hence the intensity decay can be an indicator of undesired photo effects on macromolecules.
We examined these time-resolved decays with long wavelength excitation. We reasoned that detrimental effects of the intense long wavelength illumination would be revealed by changes in the decay times or correlation times. These data could thus determine whether imaging of macromolecules would be possible without unacceptable photo effects. Frequency-domain intensity decay of DAPI-DNA is shown in Fig. 5 for 2hv (Table 1) and are similar to those observed previously for lhv at 360 nm (Table 1) . Similar results were obtained for HOE-DNA (Table 2) , wherein the intensity decays were independent of the excitation wavelength. We also performed a global analysis of the intensity decays of DAPI-labeled (Table 1) and HOE-labeled (Table  2 ) DNA using the data for both excitation wavelengths. Global analysis of the data at two excitation wavelengths provides a sensitive indicator of the sameness or difference of the intensity decays because the data at two wavelengths are fit to the same decay parameters. The global analysis results in the same intensity decay as for the individual analyses, and the value of XR2 was not elevated. These results demonstrate that the intensity decay was not altered by the mode of excitation and suggest that DNA is not disrupted by the moderately intense illumination required for three-photon excitation.
Anisotropy decays of DAPI-DNA and HOE-DNA is shown in Figs. 6 and 7, respectively. For both labeled DNAs the same correlation times were recovered for all excitation wavelengths (Tables 3 and 4 ). In the case of DAPI-DNA the FD anisotropy data are distinct for 2hv and 3hv at 830 and 885 nm, respectively. The differential phase angles and modulated anisotropies are larger for the longer excitation wavelengths, which is consistent with the higher level of photoselection for fluorophores with 3hv versus 2hv excitation (Eqs. 7-9). For HOE-DNA the FD anisotropy data are equivalent for both excitation wavelengths (Fig. 7) , as expected for the same 2hv excitation at both wavelengths (Fig.  3) . As for the intensity decays, the correlation times are #The decay times and amplitudes were global parameters.
tLakowicz and Gryczynski, 1992. similar to those observed previously for lhv at 360 or 380 nm (Tables 3 and 4 ). The time 0 anisotropy is larger for 2hv and 3hv than for lhv of DAPI (Table 3) or Hoechst 33342 (Table 4 ). Importantly, it was possible to globally fit the FD anisotropy data to the same correlation times for 830 and 885 nm excitation (Tables 3 and 4 ). These results suggest that the DNA molecules do not suffer adverse effects on significant heating when used with multiphoton excitation at commonly available Ti:sapphire wavelengths, thus enabling multiphoton imaging.
Anisotropy and the mode of excitation
We examined the dependence of the anisotropy on incident power. For DAPI (Fig. 8 ) the anisotropy is different for excitation at 830 and 885 nm, but each value is independent of laser power over a wide range of power. This suggests that at these wavelengths one can be reasonably certain of the mode of excitation. At an intermediate wavelength of 860 nm the anisotropy of DAPI-DNA depends on laser power (Fig. 8) . This suggests that the mode of excitation is changing from 2hv to 3hv as the power is increased. In the case of HOE-DNA the same anisotropy was observed for 830, 860, and 885 nm excitation (Fig. 8) , indicating that the excitation remains a two-photon process at these wave- Gryczynski, 1992. lengths over a range of power levels. Because the anisotropy is independent of fluorescence intensity, anisotropy measurements are recommended for clarifying the mode of excitation in multiphoton microscopy. Furthermore, the anisotropy of a known compound can be used to estimate the intensity at the focal point of the microscope.
Spatial resolution with multiphoton excitation
In a previous report we suggested that the cubic intensity dependence of 3hv excitation could result in improved spatial resolution in microscopy (Gryczynski et al., 1995) . This feature of multiphoton excitation is illustrated in Fig. 9 , where we compare the size of the excited volume for 2hv and 3hv excitation. We examined the spatial distribution of the excited fluorophores by observation with an optical fiber positioned on a 5O-,u vertical slit, 3 mm high (Fig. 9) , as described previously (Gryczynski et al., 1995) . Similar spatial distributions were observed for DAPI-DNA with 830-nm excitation and for HOE-DNA with 885-nm excitation (Fig. 9, left) , which is consistent with two-photon excitation of both probes. In contrast, a smaller excited volume was observed for 3hv of DAPI-DNA with 885-nm excitation, which is most probably the result of the cubic three-photon process. Improved spatial resolution with 3hv excitation was also shown previously with the scintillator 2,5-bis(4-biphenyl)oxazole (Hell et al., 1996) .
Three-photon chromosome imaging
To demonstrate the practical application of three-photon imaging, we chose to examine metaphase chromosomes isolated from HeLa cells and stained with DAPI. As shown in Fig. 2 , the fluorescence intensity of DAPI with 3hv excitation is about 100-fold lower than that of two-photon excited DAPI. In 3hv microscopy, the major challenge is the efficient generation and collection of fluorescence photons. The latter determines the signal-to-noise ratio (SNR) in the image and therefore the reliability with which the information can be retrieved from the specimen. The cubic dependence of 3hv excited fluorescence leads to a strong suppression of otherwise noticeable contributions from the outer region of the focus. ically described by a three-dimensional effective point spread function (E-PSF). For a typical excitation wavelength of 900 nm and a numerical aperture of 1.4 (oil), the typical extent of the E-PSF is about 0.2 ,um and 0.6 ,tm in the lateral and axial directions, respectively (Hell et al., 1996) . The typical volume is 50-100 attoliters, which is about 7 orders of magnitude smaller than in the spectrometric arrangement of Figs. 1-8 . On the other hand, in highaperture microscopy, the total collection angle is larger by about two orders of magnitude. When focusing into a uniform solution of fluorophores, the fluorescence signal is about 5 orders of magnitude weaker in a microscope than in a spectrometer. Hence the practical realization of 3hv microscopy is a challenging endeavor.
A simple yet useful strategy for investigating the applicability of 3hv excitation in microscopy is to raise the illumination intensity to the highest level that the samples can withstand without showing any sign of degradation. The use of pulsed illumination reduces the total thermal load of the sample, but high peak intensities increase the risk of a dielectric breakdown of the material. A possible outcome of a 3hv excitation experiment in a microscope could have been that the required intensities are above the dielectric breakdown threshold. However, initial experiments by us (Hell et al., 1995) and others (Webb, 1996; Wokosin et al., 1996) have shown this not to be the case. In our experiments (Hell et al., 1996) we have demonstrated the two key features of 3hv excitation microscopy, namely the cubic dependence of the fluorescence on the power of the excitation light and the axial superresolution. In the following, we show that it is possible to perform 3hv microscopic imaging of biological specimens with DAPI-labeled human metaphase chromosomes at excitation wavelengths near 970 nm, which is beyond the threshold for three-photon excitation. We confirmed the three-photon nature of excitation of DAPI at this wavelength by measuring the fluorescence signal in the microscope as a function of the excitation power. Fig. 10 shows an XY image of a DAPI-labeled metaphase chromosome extracted from a HeLa cell recorded at 970 nm. The pixel size of the image is 35 nm in the x and y directions. The pixel dwell time is 2 ms, and the total time for one image was 70 s, including the scanning dead time. The average power of the incident light was 3.4 mW, which amounts to an estimated peak intensity of about 80 GW/ cm2. At this intensity, we obtained about 10 photons per pixel for those sites of the chromosome where the label was strongest. The profile in Fig. 10 shows the raw data along the marked line.
To determine the dependence of the observed signal on the excitation power, we recorded a series of XY images of the same chromosome at different excitation powers. Fig. 11 a we find a slope larger than 2.5, thus revealing that a third-order process is involved in the fluorescence signal. Fig. 11 b shows a similar round-trip measurement for DAPI dissolved in glycerol in the microscope. For this purpose we dissolved DAPI (Molecular Probes) in glycerol and placed a drop between two coverslips. The measurements of Fig. 11 b were carried out at the same numerical aperture (oil immersion 1.35) and wavelength (970 nm) as the chromosome images and differ from the spectroscopic data by the fact that the fluorescence molecules could not be exchanged by stirring. The doublelogarithmic plot reveals a power dependence of 2.95, thus clearly demonstrating the three-photon nature of excitation.
Importantly, the intrinsic confocal capability also allows three-dimensional imaging of the chromosome by recording a whole 3D data stack. A complete three-photon 3D stack is shown in Fig. 12 . The data stack consists of 50 independent lateral xy images that are axially separated by 80 nm. The stack has been processed with an image-processing algorithm that interpolated between the pixel and provided a volume rendering of the object (Engelhardt et al., 1994) . As a result, the voxels with high intensity appear denser. We found 8-10 mW average power to be the upper limit at which microscopy could be performed in our sample. Yet Fig. 12 shows that this is sufficient to image the structure of the chromosome with 3hv excitation with great detail.
DISCUSSION
In recent years we have observed the increased experimental possibilities resulting from high repetition rate dye laEnlarged Image of Fluorescence Spot sers. This trend has continued with the introduction of mode-locked Ti:sapphire lasers, which are simpler to operate than dye lasers and provide shorter pulsewidths near 100 fs. However, the fundamental output of the Ti:sapphire lasers is at maximum from 800 to 900 nm, which is too long for the excitation of many biochemical fluorophores.
The use of Ti:sapphire lasers with two-photon excitation is currently limited by their long wavelengths, resulting in attempts to obtain wavelengths below 700 nm from these lasers (Spectra Physics Lasers, 1995) . The use of threephoton excitation may allow the use of Ti:sapphire lasers at their most efficient wavelengths near 800 nm. However, we did not know whether the biochemical samples would undergo excessive heating or dielectric breakdown upon illumination at these wavelengths and intensities. The similar anisotropy decay of DAPI-DNA with two-and three-photon excitation argues against significant heating of the sample. In other experiments we have observed similar correlation times for Indo-1 with one-and three-photon excitation (Szmacinski et al., 1996) , and the same phase transition temperature for bilayers labeled with 1,6-diphenylhexatriene and studies by three-photon excitation . In this report we have shown that 3hv excitation of DAPI-labeled DNA could be accomplished without changes in the intensity or anisotropy decays, suggesting the absence of structural perturbations with the locally intense excitation. This favorable outcome is probably due to the fact that these wavelengths are near the region of minimum water absorption (Svoboda and Block, 1994; Denk et al., 1995) . In totality, these results suggest that three-photon x-oxis in nm FIGURE 10 Two-dimensional image of a HeLa cell metaphase chromosome with 3hv excitation of DAPI at 920 nm. This is one of 50 images used for the 3D reconstruction (Fig. 12) at 970 nm. The profile shows the raw intensity data (counts) along the marked line across the chromosome image.
excitation of biomolecules is practical with present laser technology.
It is interesting to speculate on the origin of the long wavelength two-photon excitation of Hoechst 33342 at 885 nm. Examination of the absorption spectra in Fig. 4 would cause one to predict that the mode of excitation would change from 2hv to 3hv for Hoechst 33342 at shorter wavelengths than for DAPI. However, the opposite was observed, and Hoechst 33342 still displays 2hv excitation at 885 nm. This suggests the presence of an allowed twophoton transition near 450 nm, which is not visible in the absorption spectra of Hoechst 33342. Such a result is analogous to that found for polyenes, which are known to display allowed two-photon transitions at lower energies than the lowest energy one-photon transitions (Hudson and Kohler, 1974; Fang et al., 1978) . For instance, 1,6-diphenylhexatriene (DPH) displays a maximum in its two-photon absorption spectra near 400 (800) nm, considerably longer than the lowest one-photon transition near 385 nm (Svoboda and Block, 1994) . Hence it appears that Hoechst 33342 has energy levels and transitions comparable to those of polyenes, whereas DAPI does not display such a lower energy two-photon transition. This is surprising, given the structural similarity of DAPI and Hoechst 33342 to both containing phenyl-indole groups. These results suggest that one cannot readily predict the 2hv and 3hv spectral properties of fluorophores from the one-photon spectra.
In the second part of the manuscript we demonstrated fluorescence imaging at high resolution with three-photon excitation. We showed that at an excitation wavelength of around 970 nm, the chromosome fluorescence image was dominated by a third-order excitation process. One can notice that the power dependence does not follow an exact cubic law, as one might expect for ideal three-photon imaging. We suggest two reasons for these deviations, one of them being a weak but measurable second-order autoluminescence from the sample that we could also record from unstained chromosomes. As stirring is not possible in a microscope, other effects such as photobleaching cannot always be avoided. Apparently photobleaching played a role in the power dependence measurement in Fig. 11 a or other effects that are intrinsic to the chromosome sample. We also recorded images where the difference between the increasing and decreasing measurement subseries was less pronounced. In Fig. 11 b, which shows the DAPI-glycerol counterpart to Fig. 11 a, an impressive third-order power dependence is found. Whereas the fluorescence from the DAPI-glycerol solution in the microscope was governed by a cubic power law, we were not able to completely establish a cubic law on the glycerol-embedded DAPI-chromosome in the 890-940 nm range; rather the slope was close to 2. This does not exclude a three-photon nature of excitation, but it appears that effects due to the sample play a role, and it seems also that the precise localization of the two-to three-photon transition on a labeled biological sample can be challenging in multiphoton microscopic imaging.
With a wavelength of around 970 nm and probably higher, one can image DAPI-labeled chromosomes by three-photon excitation. As we have demonstrated elsewhere (Hell et al., 1996) , the three-photon excitation point spread function is spatially narrower than its two-photon excitation counterpart, as long as one uses the same wavelength of excitation. The generally weaker signal of threephoton fluorescence can compromise the full benefit of the increased resolution, but an obvious benefit of three-photon excitation in the near infrared is the possibility of performing both two-and three-photon excitation images at the same wavelength by using multilabeled specimens. An example for this is a cell featuring a DAPI-labeled nucleus and rhodamine or fluorescein isothiocyanate-labeled cell organelles. A further advantage of 3hv excitation is the possibility of extending the excitation to the deep UV for proteins (Gryczynski et al., 1996a) . In this case, the wave- length of the fluorescence light may be shorter, so that the poor transmissivity of the lenses and other optics should be considered. This problem can be alleviated by placing the detector immediately below the sample. A further interest- ing application is three-photon excitation 4Pi-confocal microscopy (Hell et al., 1995) . The latter is predicted to feature a sharp focus consisting of a single peak that is about 200 nm in the lateral and 150 nm in the axial direction. In i-I addition, the doubled collection angle of the 4Pi-confocal microscope can be used. An inherent drawback of 3hv excitation microscopy is the considerably increased recording time. In most cases, however, information about the presence or absence of a dye in certain areas is sufficient. Often, with fixed samples, the recording time is of lesser importance, as in near-field optics. With fixed samples, or when information on the presence or the absence of a dye is required, 3hv excitation is a viable and useful technique in high-resolution three-dimensional fluorescence light microscopy.
